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wavefield is again propagated to obtain a second wavefield
history, wherein the propagation includes integration of one
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1
METHODS AND DEVICES FOR
TRANSFORMATION OF COLLECTED DATA
FOR IMPROVED VISUALIZATION
CAPABILITY

TECHNICAL FIELD

The disclosed embodiments relate generally to data analy-
sis, and more particularly, to computing systems and methods
for improving imaging of collected data, including, but not
limited to, migration of collected seismic data.

BACKGROUND

Attenuation and wavelet distortion have been observed on
seismic data due to anelastic properties of the earth. For
example, strong attenuation of seismic P-waves can result
from gas trapped in overburden structures. As a result, not
only is the migrated amplitude below the gas anomaly dim,
but also the imaging resolution is greatly reduced by the high
frequency energy loss and the phase distortion. In seismic
processing, mitigating these undesirable effects can improve
a final image and make it easier to interpret.

In complex media, Q-effect compensation techniques that
do not take into account the wavepath or raypath information
usually fail at mitigating Q-effects properly. As one-way
wave equation migrations are formulated in the frequency
domain, one can address frequency dependent dissipation.
Reverse-time migration (“RTM”) that is based on directly
solving the two-way wave equation has provided a superior
way to image complex geologic regions, and has recently
become a standard migration tool for subsalt imaging. One
can also incorporate Q-effect correction capabilities into a
frequency domain implementation of RTM. To incorporate
Q-effect correction capabilities into a conventional imple-
mentation of RTM, however, there is a need to formulate a
time domain wave equation to model the Q-effect effects.
Moreover, the backward propagation of the receiver wave-
field in RTM that includes Q-effect correction can be
improved by model amplification. Furthermore, in some
instances, it can be desirable to approximate integration over
a wavepath to improve imaging conditions, which can have
applications going beyond Q-effect correction.

Accordingly, there is a need for methods and systems that
can employ, more efficient, and more accurate methods for
processing and imaging of collected data, such as filtering
wavefields to compensate for amplitude and/or phase effects
before imaging. Such methods and systems may complement
or replace conventional methods and systems for processing
and imaging collected data.

SUMMARY

The above deficiencies and other problems associated with
processing and imaging collected data are reduced or elimi-
nated by the disclosed methods and devices.

In accordance with some embodiments, a method is per-
formed at least by propagating a first wavefield to obtain a first
wavefield history; propagating the first wavefield to obtain a
second wavefield history, wherein the propagation includes
integration of one or more Q-effects; estimating a first attenu-
ated traveltime history based at least in part on the first and
second wavefield histories; calculating a first Q-model filter
based at least in part on the first estimated attenuated travel-
time history; and generating a first adjusted wavefield based
at least in part on application of the first Q-model filter to the
first wavefield.
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In accordance with some embodiments, a computing sys-
tem is provided that includes at least one processor, at least
one memory, and one or more programs stored in the at least
one memory, wherein the one or more programs are config-
ured to be executed by the one or more processors, the one or
more programs including instructions for propagating a first
wavefield to obtain a first wavefield history; propagating the
first wavefield to obtain a second wavefield history, wherein
the propagation includes integration of one or more Q-effects;
estimating a first attenuated traveltime history based at least
in part on the first and second wavefield histories; calculating
a first Q-model filter based at least in part on the first esti-
mated attenuated traveltime history; and generating a first
adjusted wavefield based at least in part on application of the
first Q-model filter to the first wavefield.

In accordance with some embodiments, a computer read-
able storage medium having a set of one or more programs
including instructions that when executed by a computing
system cause the computing system to: propagate a first
wavefield to obtain a first wavefield history; propagate the
first wavefield to obtain a second wavefield history, wherein
the propagation includes integration of one or more Q-effects;
estimate a first attenuated traveltime history based at least in
part on the first and second wavefield histories; calculate a
first Q-model filter based at least in part on the first estimated
attenuated traveltime history; and generate a first adjusted
wavefield based at least in part on application of the first
Q-model filter to the first wavefield.

In accordance with some embodiments, a system includes
at least one processor, at least one memory, and one or more
programs stored in the at least one memory; and means for
propagating a first wavefield to obtain a first wavefield his-
tory; means for propagating the first wavefield to obtain a
second wavefield history, wherein the propagation includes
integration of one or more Q-effects; means for estimating a
first attenuated traveltime history based at least in part on the
first and second wavefield histories; means for calculating a
first Q-model filter based at least in part on the first estimated
attenuated traveltime history; and means for generating a first
adjusted wavefield based at least in part on application of the
first Q-model filter to the first wavefield.

In accordance with some embodiments, an information
processing apparatus for use in a computing system includes
means for propagating a first wavefield to obtain a first wave-
field history; means for propagating the first wavefield to
obtain a second wavefield history, wherein the propagation
includes integration of one or more Q-effects; means for
estimating a first attenuated traveltime history based at least
in part on the first and second wavefield histories; means for
calculating a first Q-model filter based at least in part on the
first estimated attenuated traveltime history; and means for
generating a first adjusted wavefield based at least in part on
application of the first Q-model filter to the first wavefield.

In some embodiments, an aspect of the invention involves
generating an image based at least in part on the first wave-
field and the second adjusted wavefield.

In some embodiments, an aspect of the invention involves
propagating a second wavefield to obtain a third wavefield
history; propagating the second wavefield to obtain a fourth
wavefield history, wherein the propagation includes integra-
tion of one or more Q-effects; estimating a second attenuated
traveltime history based at least in part on the third and fourth
wavefield histories; calculating a second Q-model filter based
at least in part on the second estimated attenuated traveltime
history; and generating a second adjusted wavefield based at
least in part on application of the second Q-model filter to the
second wavefield.
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In some embodiments, an aspect of the invention involves
generating an image based at least in part on the first wave-
field and the second adjusted wavefield.

In some embodiments, an aspect of the invention involves
generating an image based at least in part on the first adjusted
wavefield and the second adjusted wavefield.

In some embodiments, an aspect of the invention involves
before generating the image, scaling the first and second
adjusted wavefields to generate scaled first and second
adjusted wavefields, respectively, that are used to generate the
image.

In some embodiments, an aspect of the invention includes
that the first wavefield is a source wavefield, and propagation
of the first wavefield to obtain a first wavefield history
includes forward propagation.

In some embodiments, an aspect of the invention includes
that the first wavefield is a receiver wavefield, and propaga-
tion of the first wavefield to obtain a first wavefield history
includes backward propagation.

In some embodiments, an aspect of the invention includes
that the first wavefield is ordered based on time as a fast
dimension.

In some embodiments, an aspect of the invention involves
scaling the first Q-model filter to generate a scaled Q-model
filter; generating a third adjusted wavefield based at least in
part on application of the scaled Q-model filter to the first
wavefield; and generating an image based at least in part on
the third adjusted wavefield and a second wavefield.

In some embodiments, an aspect of the invention involves
before generating the image, scaling the first adjusted wave-
field to generate a scaled first adjusted wavefield that is used
to generate the image.

In some embodiments, an aspect of the invention includes
that the one or more Q-effects are selected from the group
consisting of attenuation, absorption, dissipation, and visco-
acoustic effects.

In some embodiments, an aspect of the invention includes
that the first Q-model filter is configured to compensate for
one or more attributes to be integrated along a wavepath
corresponding at least in part to the first wavefield.

In accordance with some embodiments, a method is per-
formed that includes propagating a first wavefield to obtain a
first wavefield history; and propagating a second wavefield to
obtain a second wavefield history, wherein the propagation
includes modification of at least a part of the second wavefield
through use of a spatial function, wherein the propagation of
the first and second wavefields use substantially the same
starting conditions.

In accordance with some embodiments, a computing sys-
tem is provided that includes at least one processor, at least
one memory, and one or more programs stored in the at least
one memory, wherein the one or more programs are config-
ured to be executed by the one or more processors, the one or
more programs including instructions for propagating a first
wavefield to obtain a first wavefield history; and propagating
a second wavefield to obtain a second wavefield history,
wherein the propagation includes modification of at least a
part of the second wavefield through use of a spatial function,
wherein the propagation of the first and second wavefields use
substantially the same starting conditions.

In accordance with some embodiments, a computer read-
able storage medium having a set of one or more programs
including instructions that when executed by a computing
system cause the computing system to: propagate a first
wavefield to obtain a first wavefield history; and propagate a
second wavefield to obtain a second wavefield history,
wherein the propagation includes modification of at least a
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part of the second wavefield through use of a spatial function,
wherein the propagation of the first and second wavefields use
substantially the same starting conditions.

In accordance with some embodiments, a system includes
at least one processor, at least one memory, and one or more
programs stored in the at least one memory; and means for
propagating a first wavefield to obtain a first wavefield his-
tory; and means for propagating a second wavefield to obtain
a second wavefield history, wherein the propagation includes
modification of at least a part of the second wavefield through
use of a spatial function, wherein the propagation of the first
and second wavefields use substantially the same starting
conditions.

In accordance with some embodiments, an information
processing apparatus for use in a computing system includes
means for propagating a first wavefield to obtain a first wave-
field history; and means for propagating a second wavefield to
obtain a second wavefield history, wherein the propagation
includes modification of at least a part of the second wavefield
through use of a spatial function, wherein the propagation of
the first and second wavefields use substantially the same
starting conditions.

In some embodiments, an aspect of the invention includes
that the use of the spatial function during propagation of the
second wavefield includes multiplying by the spatial function
to obtain the second wavefield history.

In some embodiments, an aspect of the invention includes
that the spatial function is configured to generate an approxi-
mation to an integral of a selected function over a wavepath
corresponding at least in part to the first wavefield.

In some embodiments, an aspect of the invention includes
that the generation of the approximation is based at least in
part on computing a ratio of the first and second wavefields.

In some embodiments, an aspect of the invention includes
that the integration is over space.

In some embodiments, an aspect of the invention includes
that the integration is over time.

In some embodiments, an aspect of the invention includes
that the modification of the part of the second wavefield
includes changing the amplitude of the second wavefield.

Thus, the systems and methods disclosed herein are more
efficient and/or effective methods for processing and imaging
collected data. These systems and methods increase process-
ing and imaging effectiveness, efficiency, and accuracy. Such
methods and systems may complement or replace conven-
tional methods for processing and imaging collected data.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the aforementioned embodi-
ments as well as additional embodiments thereof, reference
should be made to the Description of Embodiments below, in
conjunction with the following drawings in which like refer-
ence numerals refer to corresponding parts throughout the
figures.

FIG. 1 illustrates a computing system in accordance with
some embodiments.

FIG. 2 illustrates a migration workflow in accordance with
some embodiments.

FIG. 3 illustrates a filter bank panel in accordance with
some embodiments.

FIG. 4 illustrates an interval Q-model.

FIG. 5 illustrates the result of applying prestack RTM.

FIG. 6 illustrates the result of applying prestack visco-
acoustic RTM in accordance with some embodiments.
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FIGS. 7A-7B are flow diagrams illustrating a method of
processing and imaging collected data in accordance with
some embodiments.
FIG. 8 is a flow diagram illustrating a method of processing
and imaging collected data in accordance with some embodi-
ments.

DESCRIPTION OF EMBODIMENTS

Reference will now be made in detail to embodiments,
examples of which are illustrated in the accompanying draw-
ings and figures. In the following detailed description, numer-
ous specific details are set forth in order to provide a thorough
understanding of the invention. However, it will be apparent
to one of ordinary skill in the art that the invention may be
practiced without these specific details. In other instances,
well-known methods, procedures, components, circuits, and
networks have not been described in detail so as not to unnec-
essarily obscure aspects of the embodiments.

It will also be understood that, although the terms first,
second, etc. may be used herein to describe various elements,
these elements should not be limited by these terms. These
terms are only used to distinguish one element from another.
For example, a first object or step could be termed a second
object or step, and, similarly, a second object or step could be
termed a first object or step, without departing from the scope
of'the invention. The first object or step, and the second object
or step, are both objects or steps, respectively, but they are not
to be considered the same object or step.

The terminology used in the description of the invention
herein is for the purpose of describing particular embodi-
ments only and is not intended to be limiting of the invention.
As used in the description of the invention and the appended
claims, the singular forms “a”, “an” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. It will also be understood that the term
“and/or” as used herein refers to and encompasses any and all
possible combinations of one or more of the associated listed
items. It will be further understood that the terms “includes,”
“including,” “comprises,” and/or “comprising,” when used in
this specification, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof. Moreover, it will be understood that
any description of methods (and computing systems or other
devices that employ such methods) as including one or more
features, steps, operations, elements, components, and/or
groups thereof, does not preclude the alteration and/or reor-
ganization of such one or more features, steps, operations,
elements, components, and/or groups.

As used herein, the term “if” may be construed to mean
“when” or “upon” or “in response to determining” or “in
response to detecting,” depending on the context. Similarly,
the phrase “if it is determined” or “if [a stated condition or
event] is detected” may be construed to mean “upon deter-
mining” or “in response to determining” or “upon detecting
[the stated condition or event]” or “in response to detecting
[the stated condition or event],” depending on the context.

FIG. 1 depicts an example computing system 100 in accor-
dance with some embodiments. The computing system 100
can be an individual computer system 101A or an arrange-
ment of distributed computer systems. The computer system
101A includes one or more analysis modules 102 that are
configured to perform various tasks according to some
embodiments, such as the tasks depicted in FIGS. 2, 7, and 8.
To perform these various tasks, analysis module 102 executes
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independently, or in coordination with, one or more proces-
sors 104, which is (or are) connected to one or more storage
media 106. The processor(s) 104 is (or are) also connected to
anetwork interface 108 to allow the computer system 101 A to
communicate over a data network 110 with one or more
additional computer systems and/or computing systems, such
as 101B, 101C, and/or 101D (note that computer systems
101B, 101C and/or 101D may or may not share the same
architecture as computer system 101A, and may be located in
different physical locations, e.g. computer systems 101A and
101B may be on a ship underway on the ocean, while in
communication with one or more computer systems such as
101C and/or 101D that are located in one or more data centers
on shore, other ships, and/or located in varying countries on
different continents).

A processor can include a microprocessor, microcontrol-
ler, processor module or subsystem, programmable inte-
grated circuit, programmable gate array, or another control or
computing device.

The storage media 106 can be implemented as one or more
computer-readable or machine-readable storage media. Note
that while in the example embodiment of FIG. 1 storage
media 106 is depicted as within computer system 101A, in
some embodiments, storage media 106 may be distributed
within and/or across multiple internal and/or external enclo-
sures of computing system 101 A and/or additional comput-
ing systems. Storage media 106 may include one or more
different forms of memory including semiconductor memory
devices such as dynamic or static random access memories
(DRAMSs or SRAMs), erasable and programmable read-only
memories (EPROMs), electrically erasable and program-
mable read-only memories (EEPROMs) and flash memories;
magnetic disks such as fixed, floppy and removable disks;
other magnetic media including tape; optical media such as
compact disks (CDs) or digital video disks (DVDs); or other
types of storage devices. Note that the instructions discussed
above can be provided on one computer-readable or machine-
readable storage medium, or alternatively, can be provided on
multiple computer-readable or machine-readable storage
media distributed in a large system having possibly plural
nodes. Such computer-readable or machine-readable storage
medium or media is (are) considered to be part of an article (or
article of manufacture). An article or article of manufacture
can refer to any manufactured single component or multiple
components. The storage medium or media can be located
either in the machine running the machine-readable instruc-
tions, or located at a remote site from which machine-read-
able instructions can be downloaded over a network for
execution.

It should be appreciated that computing system 100 is only
one example of a computing system, and that computing
system 100 may have more or fewer components than shown,
may combine additional components not depicted in the
example embodiment of FIG. 1, and/or computing system
100 may have a different configuration or arrangement of the
components depicted in FIG. 1. The various components
shown in FIG. 1 may be implemented in hardware, software,
or a combination of both hardware and software, including
one or more signal processing and/or application specific
integrated circuits.

Further, the steps in the processing methods described
herein may be implemented by running one or more func-
tional modules in information processing apparatus such as
general purpose processors or application specific chips, such
as ASICs, FPGAs, PLDs, or other appropriate devices. These
modules, combinations of these modules, and/or their com-
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bination with general hardware are all included within the
scope of protection of the invention.

Attention is now directed to examples of some equations
that can be used to calculate, estimate, or derive various
metrics in the workflows discussed here.

In some embodiments, an attenuated traveltime, t*t*, can
be calculated, estimated, and/or derived from equation 1,
which can be expressed as:

o)

r :f
path v(s)

where v represents velocity, Q characterizes Q-effect, t
represents time, and s represents space. The attenuated trav-
eltime integrates the effects of both velocity, v, and Q-effects
along the propagation path. In some embodiments that utilize
ray-based modelling, the attenuated traveltime can be easily
computed by reintegrating Q along a traced ray. Moreover, in
some embodiments, an estimate of attenuated traveltime can
be computed for the full wavefield (at all, or substantially all,
points in space, X, and time, t) by running two modelling
experiments (either in parallel or sequentially).

In some embodiments, finite-difference modeling of the
scalar acoustic wave on a second-order in time basist*, can be
calculated, estimated, and/or derived from equation 2, which
can be expressed as:

ds:f o \ndr
path

Px;t+dt)=2P(x;0)-P(x;t-d)+d2v(x P V2P(x;1)

where dt is the time step. In some embodiments, modeling
is performed on a second-order in time basis.

In some embodiments, an additional modeling experiment
can be used to integrate Q-effects over time, and can be
calculated, estimated, and/or derived from the group of equa-
tions 3, which can be expressed as:

Po(x;t+dt)=2P (1) =P o (%1~ dl)+dlzv(x)2V2PQ (x:1)
PQ(x;z+dz):PQ(x;l+dl)xe*’d’/ o0

A Py a4 O
Po(x:)=Pg(x:t)xe e

where . is a constant scalar.

In some embodiments, a transformation of two wavefields
P and P, can provide an estimate of an attenuated traveltime
at a point in space and time that the wavefield experiencedt*,
and this estimate can be calculated, estimated, and/or derived
from equation 4, which can be expressed as:

. 1 ‘{ Plx; 1) ]
0= -1
a \Polx;1)

In some embodiments, attenuated traveltimes from equa-
tion 4 may be used to design Q-modeling/compensation fil-
ters, which can be calculated, estimated, and/or derived from
equation 5, which can be expressed as:

F(r*, w) = exp{iwg iiw;ln(ﬂ)}

where o is angular frequency and w, is a reference angular
frequency. In some embodiments, these filters can be applied
to the wavefield, P, from the modelling in equation (2) to
simulate modelling/compensation of Q-effects.
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Attention is now directed to FIG. 2, which illustrates a
workflow 200 for migration according to some embodiments,
and which may be implemented on a computing system such
as computing system 100 of FIG. 1.

In one aspect, an example process of migration uses a
workflow as illustrated in FIG. 2. However, neither the tech-
niques disclosed herein, nor this embodiment in particular,
are restricted to this specific migration process; rather, the
disclosed embodiments can be applied successfully to any
imaging procedure for a subsurface region where compensa-
tion for Q-effects or other factors may be desirable, including
without limitation the following examples: time-domain
visco-acoustic modeling, time-domain visco-acoustic full
waveform inversion, simulation of isotropic visco-elastic
propagation through mode separation (e.g., using div and/or
curl operators), and integration of the eftect of S-wave Q-ef-
fects and P-wave Q-effects at one or more time steps. Indeed,
the techniques can be successfully applied to propagation of
any scalar wavefield, not just acoustic wavefields.

Moreover, those with skill in the art will appreciate that
many embodiments of the workflows and methods discussed
below, e.g., workflow 200 and method 700, compensate for
one or more of the following Q-effects including, but not
limited to, attenuation, absorption, dissipation, visco-acous-
tic effects, and other anomalies related to spatial attributes
that may be encountered during migration of collected data.

FIG. 2 illustrates a workflow where, initially, a source
wavefield of collected data that corresponds to a subsurface
region (e.g., collected seismic data representing a subterra-
nean region being explored for hydrocarbons) is forward
propagated to obtain a first source wavefield history (202). In
some embodiments, equation 2 as discussed above can be
used, though those with skill in the art will recognize that
variations of equation 2, as well as alternative methods of
obtaining the first source wavefield history, may be success-
fully performed. In practice, any acoustic modelling algo-
rithm that steps the wavefield in time, including anisotropic
acoustic modelling using coupled equations or any recursive
integral time extrapolation algorithm, may be successfully
employed.

The source wavefield is again forward propagated to obtain
a second source wavefield history (204). In some embodi-
ments, the second source wavefield history integrates one or
more Q-effects. In some embodiments, equation 3 as dis-
cussed above can be used, though those with skill in the art
will recognize that variations of equation 3, as well as alter-
native methods of obtaining the second source wavefield
history, may be successtully performed. In some embodi-
ments, the propagation includes modification of at least a part
of the second wavefield through use of a spatial function, as
discussed below.

Method 200 includes estimating one or more attenuated
traveltime histories (206) based at least in part on the first and
second source wavefield histories, and in some embodiments,
equation 4 as discussed above can be used; in alternate
embodiments, variations on equation 4 or alternative methods
of estimating attenuated traveltimes can be used.

Calculation of one or more Q-model filters (208) based at
least in part on the estimated attenuated traveltime histories is
performed in some embodiments, and in some embodiments,
equation 5 as discussed above can be used. In alternate
embodiments, variations on equation 5, or alternative meth-
ods of calculating Q-model filters can be employed.

In some embodiments, Q-model filters are applied using a
filter bank of time-invariant absorption filters for compensa-
tion of absorption effects on seismic traces. For example,
FIG. 3 illustrates a panel 300 representative of a filter bank
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approach in accordance with some embodiments. The hori-
zontal axis 301 represents time, and the vertical axis 302
represents the attenuated traveltime t*. For one or more points
in space, a set of one or more time-invariant filters (charac-
terized by t*) is applied to the first source wavefield in time;
application of the time-invariant filters forms a panel of fil-
tered wavefields 303. An adjusted source wavefield can then
be derived by slicing through the panel 300 in accordance
with the attenuated traveltime history. In other embodiments,
any other suitable way of applying space- and time-variant
non-stationary filters can be used, as those with skill in the art
will appreciate.

Returning to FIG. 2, an adjusted source wavefield is gen-
erated (210) based at least in part on the application of one or
more of the Q-model filters to the source wavefield. In some
embodiments, a Q-model filter is applied to the wavefield, P
that resulted from the modelling in step 202, (e.g., wavefield
modelling performed using equation 2) to simulate model-
ling/compensation of Q-effects.

With respect to receiver wavefields, backward propagation
is used in steps 212 and 214; otherwise, respective steps are
analogous for source and receiver wavefields, e.g., step 206
for the source side and step 216 for the receiver side are
analogous, and can use similar techniques as discussed above.
As such, additional description of steps 212 through 220 will
not be described in further detail.

In some embodiments, method 200 can also include the
generation of an image (222) based at least in part on the
adjusted source and receiver wavefields generated in steps
210 and 220, respectively. In some embodiments, the image
generated is of a subterranean region that includes a region of
potential interest for oil and/or gas production, where the
wavefields used for imaging correspond at least in part to data
acquired as part of a seismic survey. In some embodiments,
the image generated is based at least in part on data acquired
as part of a seismic survey of a subterranean region.

Note that in some embodiments, phase and amplitude fil-
ters are separately applied on a post-modelling basis to source
and/or receiver wavefields before imaging, which enables
efficient stabilization of an amplitude amplification filter
without altering the phase compensation. Since there is
explicit control of both phase and amplitude when filtering
wavefields, applications beyond modelling and compensa-
tion for absorption effects are possible. For example, if one
does not use the phase term in the Q-filters, one can control
energy present in an image formed by reverse time migration
(“RTM”) (e.g., consider a salt flank illuminated from above
(through a portion of salt whose shape we are unsure about)
and from below (through the sediments)). By forcing a part of
the model where there is uncertainty to have a very low
Q-value, a RTM image of the reflector just illuminated from
below can be generated. Another example may be weighting
data for inversion, such as full waveform inversion (FWI)
(e.g., a velocity model and an uncertainty indicia reflecting
confidence or probability of accuracy of the velocity model,
can be translated into a Q-model (e.g., a low Q may reflect
high confidence). Based on this Q-model, amplitude filters
are calculated and applied to the data residual in FWI to focus
the inversion on specific regions of the model that require
review and/or revision.

Moreover, method 200, and variations thereof, enable pro-
duction of a suite of images using different percentages of an
original Q-model with little extra computational cost.

Attention is now directed to FIGS. 4-6, which illustrate an
example depicting the results of using one embodiment of
workflow 200. Specifically, FIGS. 4-6 illustrate an example
of using method 200 with a Q-effect model that is based on
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data corresponding to a geological area. In some embodi-
ments, a velocity model with high spatial variability, and
which corresponds to the geographical area, can be used in
accordance with various embodiments disclosed herein.

FIG. 4 displays an interval Q-model 400 that includes a
very low (Q=20) anomaly 402 (simulating the gas pocket),
which is embedded in an attenuating background 404
(Q=120) below the water layer 406 (Q=5000). In this particu-
lar example, prestack synthetic data was generated using a
Q-eftect finite-difference algorithm, and one hundred and
fifty shot gathers were modelled.

FIG. 5 displays the result of applying prestack RTM (500).
The effect of the Q-anomaly 502 can be seen in a dimming of
amplitudes along reflectors underneath the anomaly (e.g.,
504-1, 504-2), as well as clear evidence of phase distortions
(most notably in the sag on the base reflector 506).

FIG. 6 displays the result of applying prestack Q-effect
RTM (600) using the method described above. Both the
images in FIGS. 5 and 6 are displayed on the same scale and
the water bottom (which is not affected by Q) is consistent
between both. Reflectors beneath the water layer can be seen
to differ. As the background Q represents fairly strong attenu-
ation, the Q-effect amplitudes are noticeably compensated for
amplitude and phase. The effect of the very low (Q=20)
anomaly 602 is less visible in the image, with less dimming of
amplitudes along reflectors underneath the anomaly (e.g.,
604-1, 604-2) and more consistent phase (most notably the
sag on the base reflector 606 has been removed).

Attention is now directed to FIGS. 7A-7B, which are flow
diagrams illustrating a method of processing and imaging
collected data in accordance with some embodiments. Some
operations in method 700 may be combined and/or the order
of'some operations may be changed. Further, some operations
in method 700 may be combined with aspects of the example
workflows of FIG. 2 and/or FIG. 8, and/or the order of some
operations in method 700 may be changed to account for
incorporation of aspects of the workflow illustrated by FIGS.
2 and/or 8.

It is important to recognize that geologic interpretations,
velocity models and/or other interpretation aids may be
refined in an iterative fashion; this concept is applicable to
methods 200,700, and 800 as discussed herein. This can
include use of feedback loops executed on an algorithmic
basis, such as at a computing device (e.g., computing system
100, FIG. 1), and/or through manual control by a user who
may make determinations regarding whether a given step,
action, template, model, or set of curves has become suffi-
ciently accurate for the evaluation of the subsurface three-
dimensional geologic formation under consideration.

The method 700 is performed at a computing device (e.g.,
computing system 100, FIG. 1).

In general, method 700 includes receiving a first and a
second wavefield comprising collected data that corresponds
to a subsurface region. In some embodiments the subsurface
region is a subterranean region, and the collected data is
seismic data, although techniques of method 700 may be
applied in other domains such as gravity, magnetics, etc.

The method 700 also includes propagating (702) a first
wavefield to obtain a first wavefield history (e.g., FIG. 2, step
202, 212).

In some embodiments, the first wavefield is a source wave-
field, and propagation of the first wavefield to obtain a first
wavefield history includes forward propagation (704). In
some embodiments, the first wavefield is areceiver wavefield,
and propagation of the first wavefield to obtain a first wave-
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field history includes backward propagation (706). In some
embodiments, the first wavefield is ordered based on time as
a fast dimension (708).

The method 700 also includes propagating (710) the first
wavefield to obtain a second wavefield history; this wavefield
propagation includes integration of one or more Q-effects
(e.g., FIG. 2, step 204, 214). In some embodiments, the one or
more Q-effects are selected from the group consisting of
attenuation, absorption, dissipation, and visco-acoustic
effects (711).

The method 700 also includes estimating (712) a first
attenuated traveltime history based at least in part on the first
and second wavefield histories (e.g., FIG. 2, step 206, 216).

The method 700 also includes calculating (714) a first
Q-model filter based at least in part on the first estimated
attenuated traveltime history (e.g., FIG. 2, step 208, 218).

In some embodiments, the first Q-model filter is configured
to compensate for one or more attributes to be integrated
along a wavepath corresponding at least in part to the first
wavefield (715); as a non-limiting example, the one or more
attributes to be integrated along the wavepath may include
uncertainty and/or any other relevant attribute as one with
skill in the art will appreciate.

The method 700 also includes generating (716) a first
adjusted wavefield based at least in part on application of the
first Q-model filter to the first wavefield (e.g., FIG. 2, step
210, 220).

In some embodiments, method 700 also includes generat-
ing (718) an image of the subsurface region based at least in
part on the first adjusted wavefield and a second wavefield
(e.g., FIG. 2, step 222). In some embodiments, before gener-
ating the image, method 700 also includes scaling the first
adjusted wavefield to generate a scaled first adjusted wave-
field that is used to generate the image.

In some embodiments, the image generated is of a subter-
ranean region that includes a region of potential interest for
oil and/or gas production, where the wavefields used for
imaging correspond at least in part to data acquired as part of
a seismic survey. In some embodiments, the image generated
is based at least in part on data acquired as part of a seismic
survey of a subterranean region.

In some embodiments, method 700 also includes propagat-
ing a second wavefield to obtain a third wavefield history
(e.g., FIG. 2, step 202, 212); propagating the second wave-
field to obtain a fourth wavefield history, wherein the propa-
gation includes integration of one or more Q-effects (e.g.,
FIG. 2, step 204, 214); estimating a second attenuated trav-
eltime history based at least in part on the third and fourth
wavefield histories (e.g., FIG. 2, step 206, 216); calculating a
second Q-model filter based at least in part on the second
estimated attenuated traveltime history (e.g., FIG. 2, step 208,
218); and generating a second adjusted wavefield based at
least in part on application of the second Q-model filter to the
second wavefield (e.g., FIG. 2, step 210, 220). (720)

In some embodiments, method 700 also includes generat-
ing (722) an image of the subsurface region based at least in
part on the first wavefield and the second adjusted wavefield.
In alternate embodiments, method 700 also includes gener-
ating (724) an image of the subsurface region based at least in
part on the first adjusted wavefield and the second adjusted
wavefield (e.g., FIG. 2, step 222). In some embodiments,
before generating the image, method 700 also includes scal-
ing (725) the first and second adjusted wavefields to generate
scaled first and second adjusted wavefields, respectively, that
are used to generate the image.

In some embodiments, method 700 also includes scaling
the first Q-model filter to generate a scaled Q-model filter;
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generating a third adjusted wavefield based at least in part on
application of the scaled Q-model filter to the first wavefield;
and generating an image of the subsurface region based at
least in part on the third adjusted wavefield and a second
wavefield (726).

Attention is now directed to aspects of the disclosed
embodiments related to approximating integration over a
wavepath, though those with skill in the art will recognize that
aspects of these techniques may be used in conjunction with
and/or combined with the embodiments discussed above.
Towards that end, examples of some equations are provided
that can be used to calculate, estimate, or derive various
metrics in the workflows discussed herein.

In ray based analysis of the earth, one can calculate the
integral of a given spatial property over the raypath. In some
embodiments, this can be an integral of a function over the
length of the ray or an integral over time along the ray. Insome
embodiments, the two integrals can be related using the Jaco-
bian, dl/dt, which is the local velocity. In some embodiments,
the integral of a given spatial property over the raypath can be
calculated, estimated, and/or derived according to group of
equations 6:

I= f " o) di
0

bnax (nax) dl 'max
n= [ pewa= [ oG de= [ eoneoar
0 0 0

where x(1) or x(1) is location of the ray at length, 1, or time,
t. Some examples of this type of integral include, but are not
limited to, the examples associated with equations 7 through
9.

In some embodiments, effective Q along a ray can be
calculated, estimated, and/or derived from equation 7

tmax |

—dr
Q(x()

o _ Imax

_er]'_ 0

In some embodiments, time perturbation along a ray can be
calculated, estimated, and/or derived from equation 8:

Ar=fomets(x(D)dl

In some embodiments, uncertainty metric(s) along a ray
can be calculated, estimated, and/or derived from equation 9:

Ul (s D)l

though those with skill in the art will recognize that many
possible applications of this type of integral are appropriate
for use in varying circumstances.

Moreover, one can use wave equation evaluation of time
integrals for modeling and/or imaging where appropriate, and
in such cases, it can be beneficial to evaluate integrals similar
to the ray based integrals above. In some embodiments, an
initial assumption is made that an evaluation of a wave equa-
tion using a time stepping algorithm is performed; in some
embodiments, this can be calculated, estimated, and/or
derived from equation 10:

Ult+Arx)=F(Ult=t,x),c(x))

where a new field is calculated from the past field and earth
properties, c(x).

In essence, a wave equation can be modified by a smoothly
varying amplitude factor, A(x), at every time step (or at least
a plurality of the time steps) of the wave equation without
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modifying the phase (and thus path) of the wave; in some
embodiments, this can be calculated, estimated, and/or
derived from group of equations 11:

T(t+ALx)=F(U,(t=t,x),c(x))

U (tst+ALx)=G(T((t+AL%)), Us(t,5),A(x))

In this example, the wave paths in U, will be almost iden-
tical to the wave paths in U as long as the amplitude factor is
sufficiently smooth. In the case of a first order partial differ-
ential equation solver, the function G will amount to multi-
plication by A(x); this can be calculated, estimated, and/or
derived from group of equations 12:

T(t+ALx)=F(U,(t,x),c(x))

UL (t+At x)=T(t+Atx)* A(x)

In this case, the amplitude of any particular portion of the
wavefield will be approximately the original unmodified field
multiplied by the product of the amplitude factors at the
location of the wavefield at each time step; in some embodi-
ments, this can be calculated, estimated, and/or derived from
equation 13.

i=t{At

U n=Ux | | AW @)

i=1

If the energy at time t, and location X, has a simple path
from the source, then the product will be the product of A(x")
for the locations x' that the wave passed through at each time
step. If there are multiple paths, then the new field will be a
sum of differently weighted waves.

One can then choose an amplitude factor that is related to
the function to integrate over the path; in some embodiments,
this can be calculated, estimated, and/or derived from equa-
tion 14:

A(x)=e A

which in some embodiments results in a product expressed
and/or characterized from group of equations 15:

i=t{At

Up(x, D = U(x, 1) 1_[ e f0B = pmLf e
i=1
and
Ulx, z)
g ) = 2, S0 = ff(x W )dr

i.e. one can approximate the integral in time over the path
of'the wave by propagating a normal wavefield and a damped
wavefield. In some embodiments, it may be desirable to sta-
bilize the division in this equation by some local average in
space and time of the numerator and denominator.

In some embodiments, one may calculate, estimate, and/or
derive according to one or more of the following group of
expressions 16:

n{ Ulx, 1) } or n{ (Ulx, 1) } or n{ (Ulx, DUz (x, 1)) }
Ua(x, 1) (Ua(x, 1)) (Uax, DU (x, 1)

where the expression actually employed denotes some
local averaging operation, an expectation estimation, and/or
time and space averaging.
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Moreover, one can use path-length integrals for approxi-
mation so as to obtain a wave based approximation to any
integral of the form used in ray based modeling. For example,
in some embodiments, the following expression 17 may be
used successfully:

U(x 0
U S, z)

AG) = ot yields |

ff(x nar

Furthermore, one can use integrals by spatial extrapolation
for solving wave equations. In some embodiments, one-way
spatial extrapolation can be used, including the following
non-limiting examples, downward extrapolation in depth,
tilted coordinate frames, or as those with skill in the art will
recognize, any suitable, generalized coordinate system. In
such embodiments, one can approximate an integral in the
extrapolation variable using similar techniques to those
described above for time extrapolation. For example, for one
way extrapolation in depth z

U(x 2)
U 2%, z)

_ yiekz’x
A, ) = T 228

ff(x 2d7

and this expression 18 can be used to convert to a path
length integral or time integral; in some embodiments, this
can be calculated, estimated, and/or derived from the group of
equations 19, which can be expressed as:

e L yields Uix, 2)
Al ) = o T D gtz Yl |
o.e)=e o)
"z 1 4(2)
s [ togaz = [V zayar
o cosfl o
PRI U ields Ulx, 7)
AC, 2) = e T e Yol |
(ha=e n{Uz(X,Z)}

’4 @)
Eff(X’,z’) —f f&,Z@nar
o veosd o

Attention is now directed to FI1G. 8, which is a flow diagram
illustrating a method 800 of processing and imaging collected
data in accordance with some embodiments. Some operations
in method 800 may be combined and/or the order of some
operations may be changed. Further, some operations in
method 800 may be combined with aspects of the example
workflows of FIG. 2 and/or FIG. 7, and/or the order of some
operations in method 800 may be changed to account for
incorporation of aspects of the workflow illustrated by FIGS.
2 and/or 7.

The method 800 is performed at a computing device (e.g.,
computing system 100, FIG. 1).

In general, method 800 includes receiving a first and a
second wavefield comprising collected data that corresponds
to a subsurface region. In some embodiments the subsurface
region is a subterranean region, and the collected data is
seismic data, although techniques of method 800 may be
applied in other domains such as gravity, magnetics, etc.

The method 800 also includes propagating (802) a first
wavefield to obtain a first wavefield history (e.g., FIG. 2, step
202, 212).
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The method 800 also includes propagating (804) a second
wavefield to obtain a second wavefield history, wherein the
propagation includes modification of at least a part of the
second wavefield through use of a spatial function (such as a
spatial variable function), wherein the propagation of the first
and second wavefields use substantially the same starting
conditions (e.g., such as initial conditions to the wave equa-
tion, including, but not limited to the examples of source
functions, receiver wavefields, receiver data boundary values,
etc.) (e.g., FIG. 2, step 204, 214).

Those with skill in the art will also understand that varia-
tions in injection methods can be used for the first and second
wavefields, such as when there is an attenuation factor related
to or associated with the injection point.

In some embodiments, the use of the spatial function dur-
ing propagation of the second wavefield includes multiplying
by the spatial function to obtain the second wavefield history
(806).

In some embodiments, the spatial function is configured to
generate an approximation to an integral of a selected func-
tion over a wavepath corresponding at least in part to the first
wavefield (808); and in some embodiments, a wavefield com-
bination is also used during the approximation of the integral
of the selected function.

In some embodiments, the generation of the approximation
is based at least in part on computing a ratio of the first and
second wavefields (810). In some embodiments, the compu-
tation of the ratio is performed by estimating a ratio in a stable
manner, i.e., so as to avoid dividing by zero with respect to a
wavefield being adjusted by the calculation.

In some embodiments, the integration is over space (e.g.,
the integration domain is space) (812).

In some embodiments, the integration is over time (e.g., the
integration domain is time) (814).

In some embodiments, the approximation of the integral of
the selected function over the wavepath 808 is selected from
the group consisting of: integration of a given spatial property
of a raypath; integration of a function over the length of the
raypath; integration of time along the raypath; integration of
effective Q along the raypath; integration of time perturbation
along the raypath; integration of one or more uncertainty
metrics along the raypath; integration of path-length; and
integration for spatial extrapolation for solving one or more
wave equations.

In some embodiments, the modification of the part of the
second wavefield includes changing the amplitude of the
second wavefield (816).

In some embodiments, after obtaining the second wave-
field history, those with skill in the art could perform one or
more aspects of methods 700 and/or 200 in conjunction with
or in combination with the results of method 800, including,
but not limited to, estimating one or more attenuated travel-
time histories, calculating one or more Q-model filters, gen-
erating one or more adjusted wavefield histories based at least
in part on the application of the one or more Q-model filters,
etc.

While certain implementations have been disclosed in the
context of seismic data collection and processing, those with
skill in the art will recognize that the disclosed methods can
be applied in many fields and contexts where data involving
structures arrayed in a three-dimensional space may be col-
lected and processed, e.g., medical imaging techniques such
as tomography, ultrasound, MRI and the like, SONAR and
LIDAR imaging techniques and the like.

The steps in the processing methods described above may
be implemented by running one or more functional modules
in information processing apparatus such as general purpose
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processors or application specific chips, such as ASICs,

FPGAs, PLDs, or other appropriate devices. These modules,

combinations of these modules, and/or their combination

with general hardware are all included within the scope of
protection of the invention.

The foregoing description, for purpose of explanation, has
been described with reference to specific embodiments. How-
ever, the illustrative discussions above are not intended to be
exhaustive or to limit the invention to the precise forms dis-
closed. Many modifications and variations are possible in
view of the above teachings. The embodiments were chosen
and described in order to best explain the principles of the
invention and its practical applications, to thereby enable
others skilled in the art to best utilize the invention and vari-
ous embodiments with various modifications as are suited to
the particular use contemplated.

Various references that provide further information have
been referred to above, and each is incorporated by reference.
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convolution: Geophysics, 50, 1426-1439.

Carcione, J. M., D. Kosloff, and R. Kosloff, 1988, Viscoa-
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physics, 53, 769-777.
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What is claimed is:

1. A method, comprising:

propagating a first wavefield to obtain a first wavefield

history;

propagating the first wavefield to obtain a second wavefield

history, wherein the propagation includes integration of
one or more Q-effects;

estimating a first attenuated traveltime history based at

least in part on the first and second wavefield histories;
calculating a first Q-model filter based at least in part on the
first estimated attenuated traveltime history;

generating a first adjusted wavefield based at least in part

on application of the first Q-model filter to the first
wavefield; and

generating an image based at least in part on the first

adjusted wavefield and a second wavefield.

2. The method of claim 1, further comprising:

propagating a second wavefield to obtain a third wavefield

history;

propagating the second wavefield to obtain a fourth wave-

field history, wherein the propagation includes integra-
tion of one or more Q-effects;

estimating a second attenuated traveltime history based at

least in part on the third and fourth wavefield histories;
calculating a second Q-model filter based at least in part on
the second estimated attenuated traveltime history; and
generating a second adjusted wavefield based at least in
part on application of the second Q-model filter to the
second wavefield.

3. The method of claim 2, further comprising generating an
image based at least in part on the first wavefield and the
second adjusted wavefield.

4. The method of claim 2, further comprising generating an
image based at least in part on the first adjusted wavefield and
the second adjusted wavefield.

5. The method of claim 4, further comprising:

before generating the image, scaling the first and second

adjusted wavefields to generate scaled first and second
adjusted wavefields, respectively, that are used to gen-
erate the image.

6. The method of claim 1, wherein the first wavefield is a
source wavefield, and propagation of the first wavefield to
obtain a first wavefield history includes forward propagation.

7. The method of claim 1, wherein the first wavefield is a
receiver wavefield, and propagation of the first wavefield to
obtain a first wavefield history includes backward propaga-
tion.
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8. The method of claim 1, wherein the first wavefield is
ordered based on time as a fast dimension.
9. The method of claim 1, further comprising:
scaling the first Q-model filter to generate a scaled
5 Q-model filter;
generating a third adjusted wavefield based at least in part
on application of the scaled Q-model filter to the first
wavefield; and
generating an image based at least in part on the third

10 adjusted wavefield and a second wavefield.
10. The method of claim 1, further comprising:
before generating the image, scaling the first adjusted
wavefield to generate a scaled first adjusted wavefield
15 that is used to generate the image.

11. The method of claim 1, wherein the one or more Q-ef-
fects are selected from the group consisting of attenuation,
absorption, dissipation, and visco-acoustic effects.

12. The method of claim 1, wherein the first Q-model filter
is configured to compensate for one or more attributes to be
integrated along a wavepath corresponding at least in part to
the first wavefield.

13. A computing system, comprising:

at least one processor;

at least one memory;

and one or more programs stored in the at least one

memory, wherein the one or more programs are config-

ured to be executed by the one or more processors, the

one or more programs including instructions for:

propagating a first wavefield to obtain a first wavefield
history;

propagating the first wavefield to obtain a second wave-
field history, wherein the propagation includes inte-
gration of one or more Q-effects;

estimating a first attenuated traveltime history based at
least in part on the first and second wavefield histo-
ries;

calculating a first Q-model filter based at least in part on
the first estimated attenuated traveltime history;

generating a first adjusted wavefield based at least in part
on application of the first Q-model filter to the first
wavefield; and

generating an image based at least in part on the first
adjusted wavefield and a second wavefield.
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